High-level ab initio electronic structure calculations, including extrapolations to the complete basis set ͑CBS͒ limit, were performed, and highly precise relative energies of five-member N-heterocycles were determined. Nitrogen-containing heterocycles studied included tautomers of tetrazole ͑CH 2 N 4 ͒ and triazoles ͑C 2 H 3 N 3 ͒. Valence focal-point analysis of 1H-tetrazole, 2H-tetrazole, 5H-tetrazole, 1H-1,2,3-triazole, 2H-1,2,3-triazole, 1H-1,2,4-triazole, and 4H-1,2,4-triazole and a number of transition state ͑TS͒ calculations were performed, using energy values determined by CCSD͑T͒/ aug-cc-pVTZ, MP3/aug-cc-pVQZ, and MP2/aug-cc-pV5Z. An accuracy of 0.10-0.25 kcal mol −1 ͑35-87 cm −1 ͒ was obtained for comparison of tautomer energy differences. Relative CCSD͑T͒/ CBS energies of 2.07, 3.98, and 6.25 kcal mol −1 for 1H-tetrazole, 1H-1,2,3-triazole, and 4H-1,2,4-triazole, respectively, were calculated. Use of electron correlation methods resulted in markedly different convergence behaviors for triazole and tetrazole tautomers. Similarly, differences in convergence were observed for TSs with respect to corresponding minima structures. It was confirmed that the MP2 method predicts an acyclic structure for 5H-tetrazole. The same was not observed for the corresponding TS geometry. Comparison with density functional theory ͑B3LYP͒ and model chemistry methods ͑CBS-4M and CBS-QB3͒ is reported.
I. INTRODUCTION
There is considerable and continuing interest in the chemistry of five-member N-heterocycles, particularly tetrazole ͑CH 2 N 4 ͒, triazoles ͑C 2 H 3 N 3 ͒, and their substituted derivatives. 1 Five-member nitrogen heterocycles are structural fragments of a series of biologically active compounds, 2 pesticides, 3 corrosion inhibitors, 4 pigments, 4 products of petroleum refining, [5] [6] [7] [8] and other industrial chemicals. 9 ,10 The 1,2,3-triazole ring is a moiety present in antiallergic, 11 antibacterial, 12 antifungal, 13 antiviral, 14 and analgestic 15, 16 drugs. 1,2,4-triazole is used as a component in drug structures even more frequently than 1,2,3-isomer ͑for example, in anastrozole, estazolam, ribavirin, triazolam, and others͒. 12 The tetrazolic acid fragment -CN 4 H has similar acidity to the carboxylic acid group -CO 2 H, and the two are almost isosteric, but the former is metabolically more stable. 17, 18 Hence, replacement of -CO 2 H groups by -CN 4 H in biologically active molecules is a research area of major interest. 19 Tetrazole and triazoles are also particularly interesting molecules from a fundamental point of view since they have been shown to exhibit tautomerism ͑Figs. 1 and 2͒. In the crystalline phase, tetrazole exists exclusively as its 1H-tautomer. [20] [21] [22] On the other hand, in solution, 1H-and 2H-tautomers coexist, and the relative proportion of the more polar 1H-form increases with increasing solvent polarity. 23, 24 In the gas phase, the existence of 1H-tetrazole has been suggested by microwave spectroscopy, 25 but this has not been confirmed by photoelectron spectroscopy 26 or mass spectrometry 27 studies.
The accurate prediction of tautomeric equilibria of tetrazole and triazole rings ͑and of similar compounds͒ requires highly accurate quantum mechanical calculations of the structures and energetics of the isolated molecules. 28 A number of theoretical studies on the triazole/tetrazole system have been conducted in the past few decades. 4, 12, 17, 24, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Unfortunately, there is much inconsistency among these published results, even in the gas phase ͑see below͒. 17, 24, 29, [31] [32] [33] [34] [35] 38, [40] [41] [42] Focal-point analysis [43] [44] [45] ͑FPA͒ is one of the most effective methods of modern high-accuracy ab initio theory. Its use in a wide range of molecular systems ͑from diatomic molecules to normal pentane͒ has yielded excellent results. [43] [44] [45] [46] [47] [48] [49] The theoretical analysis of conformational equi- of their different tautomers. These results may also be useful as benchmark results for evaluation of other ͑simpler͒ quantum-chemical models.
II. COMPUTATIONAL
The structures of tetrazole and triazole tautomers, as well as their transition states ͑TSs͒, are shown in Figs. 1 and 2, respectively. The letters T, R, and S refer to tetrazole, 1,2,3-triazole, and 1,2,4-tetrazole, respectively. A single number refers to the tautomer H-position ͑1 =1H-, 2 =2H-, 4 =4H-, and 5 =5H-tautomer͒, whereas a double number refers to a TS ͑12 = TS between 1H-and 2H-tautomers, 15 = TS between 1H-and 5H-tautomer͒. Note that intramolecular 1 → 2 proton shifts in azoles are forbidden. [52] [53] [54] [55] All geometries were optimized at the MP2͑FC͒/aug-ccpVTZ level of theory. Vibrational analysis was conducted to ensure that all geometries described are local minima or saddle points. Even with the large aug-cc-pVTZ basis set, the MP2 method predicted an acyclic structure for 5H-tetrazole, so this structure was excluded from the subsequent higher level FPA. In contrast, the Hartree-Fock ͑HF͒, MP3, and QCISD methods have predicted a cyclic geometry. 1 FPA ͑with extrapolations͒, according to Ref. 51 , was applied to estimate relative energies of all tetrazole and triazole tautomers at the ab initio limit. Single-point energy calculations ͑FC͒ were carried out using tight self-consistent field ͑SCF͒ convergence criteria. Initial guesses for the HF wave functions were made with INDO and subsequently a quadratically convergent SCF procedure was used. To extrapolate energies to the HF complete basis set ͑CBS͒ limit, a three-parameter exponential formula was used,
where X = ͕T,Q,5͖ for aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z, respectively. A two-parameter polynomial equation was used to extrapolate MP2 results,
where X = ͕Q,5͖ for aug-cc-pVQZ and aug-cc-pV5Z, respectively. CCSD͑T͒/CBS values were obtained using the addition scheme of Császár et al. 43, 44 Core correlation shifts ͑Ͻ1% of the CBS values͒ were determined at the CCSD͑T͒/ cc-pCVTZ level of theory. 50 Minor contribution from relativistic correction ͑⌬E rel , CISD/cc-pVQZ͒ was neglected.
Major calculations were performed using the GAUSSIAN 03 package. 56 The basis sets were used as implemented in the program. Here, kilocalories per mole ͑kcal mol −1 ͒ are used as a default energy unit. Energy differences are reported relative to the most stable tautomer ͑T2, R2, and S1, respectively͒. Table I summarizes the geometrical parameters of molecules as calculated in this study. A N-N bond distance of more than 200 pm is observed for 5H-tetrazole ͑T5͒ using MP2/aug-cc-pVTZ level. MP2 theory predicts an acyclic structure for this tautomer, large basis set notwithstanding. The geometry of the T5 tautomer does not converge to the correct structure whenever MP2 theory is used. Third order correction ͑MP3͒ makes the geometry cyclic. 1 So, the 5H-tautomer of tetrazole is an interesting example of a molecular system for which MP2 method provides an unrealistic geometry. In the tetrazole system, proton transfer from the first ͑1H͒ to the second ͑2H͒ position increases the N 1 -N 2 distance by 19 pm, decreases the N 2 -N 3 distance by 15 pm, but leaves the C -N 1 bond length almost unchanged ͑⌬ Ͻ 2 pm͒. This fact makes clear the formality of classical "ball-and-stick" molecular structures since technically a double C = N bond is expected for 2H-tetrazole. This example also clearly demonstrates the conjugation of the tetrazole molecule. Similar analyses are valid for triazole isomers.
III. RESULTS AND DISCUSSION

A. Tautomer geometries
Unfortunately, very little experimental gas phase structural information is available for tetrazole and triazole molecules. Rotational constants calculated here ͑MP2/aug-ccpVTZ͒ for 2H-tetrazole ͑T2͒ are 10 641. Table II shows the results of vibrational analyses of tetrazole and triazole tautomers at the MP2/aug-cc-pVTZ theory level. First, Table II confirms that the acyclic structure of 5H-tetrazole is predicted to be a true minimal point, and not just a stationary point. A bending vibrational mode that changes the N 2 -N 3 interatomic distance is predicted at 325 cm −1 , and it is not the lowest energy vibration. Clearly, the MP2 method predicts a completely wrong PES for 5H-tetrazole.
B. Vibrational analysis of tautomers
Frequencies predicted for N-H and C-H stretching vibrations in 1H-and 2H-tetrazole can be compared to experimental infrared spectral data ͑taken in an Ar matrix, at 10 K͒. 17 The predicted ͑unscaled͒ difference between these two frequencies is +16. for minimal structures ͑R1 , R2 , S1 , S4͒ is very small and does not exceed 3% of the HF values. However, higher order MPn ͓␦MP3 , ␦MP4͑SDQ͒ , ␦MP4͔ and CCSD/CCSD͑T͒ corrections are much higher and cannot be neglected. All these corrections tend to decrease tautomer energy differences. An acyclic geometry is observed when using the MP2 electron correlation method.
TABLE III. Valence FPA of energy differences ͑kcal mole −1 ͒ of triazole tautomers ͑R1, R2, S1, and S4͒ and TS ͑R12͒. Geometries were optimized at the MP2/aug-cc-pVTZ theory level. aCCD= aug-cc-pVDZ; aCCT= aug-cc-pVTZ; aCCQ= aug-cc-pVQZ; aCC5 = aug-cc-pV5Z; CBS is complete basis set. The symbol ␦ denotes the increment in the relative energy with respect to the preceding level of theory, given by the higher-order correlation series: HF → MP2 → MP3 → MP4͑SDQ͒ → MP4 → CCSD→ CCSD͑T͒. For example, ␦͓MP4͑SDQ͔͒= ⌬E MP4͑SDQ͒ − ⌬E MP3 . The increments listed in brackets were obtained for the purpose of extrapolation. Equations ͑1͒ and ͑2͒ were used for extrapolation of HF and MP2 energies to complete the basis set, respectively. Final values ͑in bold͒ include core correction. The small absolute values of the MP2 corrections give the impression that higher level corrections for electron correlation are negligible and need not be included in precise energy calculations. This is completely wrong in the R1 / R2 and S1 / S4 cases. Use of the MP4/CCSD͑T͒ level of theory is necessary for precise results. The above observations are not valid for corrections to the activation energy of the hydrogen shift in 1,2,3-triazole ͑R12͒. Here, the MP2 correction is more than 20% of the HF energy value, but rather rapid decrease is observed for higher level corrections ͑Table III͒. Final values of 3.98, 6.25, and 53.6 kcal mol −1 are obtained for R1-R2, S4-S1, and R12-R2 energy differences, respectively. Table IV TS energies T12 and T15 follow trends similar to those of the 1,2,3-triazole case. The T15 energy seems to have a reasonable value at the MP2 level of theory, even though the 5H tautomer geometry and PES are badly predicted by second-order Møller-Plesset theory ͑see discussion above͒. No unexpected result is obtained at MP2 level ͑see Table  IV͒ . Thus it is not completely clear when and why the 5H-tetrazole MP2 geometry becomes acyclic. Final values of 2.07, 55.3, and 61.4 kcal mol −1 are obtained for differences in energy between T1-T2, T12-T2, and T15-T2, respectively.
⌬E
Tetrazole
Isomerization energy of triazoles
In evaluation of isomerization energies of triazoles ͑1,2,3 versus 1,2,4͒, the two most stable tautomers of each structure ͑R2 and S1͒ are considered ͑Table V͒. The isomerization energy changes from 18.5 to 11.5, to 12.7, and to 13.5 kcal mol −1 , when calculated using HF/CBS, MP2/CBS, MP4/CBS, and CCSD͑T͒/CBS theories, respectively. Thus a correction of approximately 40% is identified at the MP2 level, but this value rapidly decreases for higher electron correlation corrections. In all cases discussed above ͑R1, S4, T12, ͑R2-S1͒, etc.͒, ␦͓CCSD͔ and ␦͓CCSD͑T͔͒ have opposite signs. Further, the basis set dependences of relative energies are almost identical for all structures discussed. Figure 3 compares the FPA results for tetrazole and triazole tautomers. The results show completely different behaviors for tetrazole and triazole tautomers in the convergence of their electron correlation corrections. As shown above ͑see Secs. III C 2 and III C 3͒, a huge MP2 correction in the case of CH 2 N 4 rapidly decreases with increasing theory level and becomes only 0.14 kcal mol −1 using CCSD͑T͒/CBS theory. No such decay is seen for triazoles. Both molecules show approximately the same magnitude of correction for all levels of theory. Further, five out of six of the corrections on triazoles are negative, while for tetrazole, half are positive and half are negative. This slight systematic shift in the results of the electronic structure theory is worth further research since it can influence the convergence of energy values of the similar systems. 43, 45, 58 The data in Fig. 3 present a stark contrast compared to the results of TS calculations, as shown in Fig. 4 . TS corrections for triazoles are consistent with those for tetrazoles; almost no difference is observed. This means that an individual approach is required for each quantum chemistry task of this kind. It is difficult to predict the results of successive application of more sophisticated electronic structure methods, and equally difficult to predict the point at which no further improvement in accuracy of results can be obtained. FPA is a valuable tool for analysis of such situations. 58 Data calculated using MP2 are worse, even after extrapolation to the CBS.
Comparison of system convergence
Summary of energy results
Calculations at the B3LYP/aug-cc-pVTZ level are particularly efficient; that is, they obtain an accuracy of 4.5% ͑for minimal structures͒ and require a tiny fraction of the computational time needed for a full CCSD͑T͒/CBS calculation. Unfortunately, this is not always universally true. 50, 51, 58 The CBS model chemistry methods of Petersson and coworkers ͑CBS-4M and CBS-QB3͒ have intermediate performance, although CBS-QB3 is almost four times more accurate. This result is almost entirely expected since reported MAD͑CBS-QB3͒ is approximately 1 kcal mol −1 . 60 The extra accuracy comes at the cost of a great increase in CPU time required for the CBS-QB3 approach.
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IV. CONCLUSIONS
The following conclusions can be drawn from this study.
͑1͒
FPAs of tetrazole and triazole tautomers result in determination of relative CCSD͑T͒/CBS energies of 2.07, 3.98, and 6.25 kcal mol −1 for 1H-tetrazole ͑T1͒, 1H-1,2,3-triazole ͑R1͒, and 4H-1,2,4-triazole ͑S4͒, respectively. ͑2͒ The convergence behavior of electron correlation correction methods differs significantly between triazole and tetrazole tautomers. ͑3͒ A difference in the convergence behavior of electron correlation methods for TSs, compared to corresponding minimum-energy structures, is observed. ͑4͒ The MP2 method predicts an acyclic structure ͑N-N distance above 200 pm͒ for 5H-tetrazole. The same structure is not observed for the corresponding 1H-5H TS geometry ͑T15͒.
The tetrazole/triazole system is of great interest both in theory and in practice. Future theoretical work will be able to elucidate the difficulties in the 5H-tetrazole MP2 geometry, and explain the differences in convergence behavior of tetrazole and triazole molecules. The results presented may be used as benchmark results for other ͑simpler͒ quantumchemical models. They can also help to solve industrial problems involving the physics and chemistry of nitrogen heterocycles.
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